Introduction
============

Gastric cancer (GC) is one of the most common gastrointestinal malignancies and remains the leading cause of cancer-related deaths worldwide, with over half of the cases occurring in East Asia ([@b1-or-44-04-1605],[@b2-or-44-04-1605]). Adequate surgical resection is the only curative treatment strategy for localized GC, however a high risk of recurrence and metastasis remains after surgical resection ([@b3-or-44-04-1605]). Furthermore, most patients are diagnosed at an advanced stage, and chemotherapy is the first-line treatment ([@b4-or-44-04-1605]). Cisplatin \[cis-diamminedichloroplatinum(II); DDP\] is a widely used platinum-based antineoplastic agent for GC treatment, especially for patients at an advanced stage ([@b5-or-44-04-1605]). However, its application is limited by drug resistance and its systemic toxicity, such as nephrotoxicity, ototoxicity, neurotoxicity and hepatotoxicity ([@b6-or-44-04-1605]). Thus, it is essential to develop novel chemical sensitizing agents for DDP to enhance its efficacy and attenuate side effects in GC patients.

Resveratrol (3,4′,5-trihydroxystilbene; RES) is a nonflavonoid polyphenolic compound notably present in grapes and red wine ([@b7-or-44-04-1605]). It plays a protective role against a wide variety of diseases, including cardiovascular diseases ([@b8-or-44-04-1605]), neurodegenerative diseases ([@b9-or-44-04-1605]), inflammatory diseases ([@b10-or-44-04-1605]) and diabetes ([@b11-or-44-04-1605]). Moreover, recent preclinical studies have identified RES as a chemopreventive and therapeutic agent as well as a chemical sensitizer for various malignant tumors ([@b12-or-44-04-1605]), which displays lower cytotoxicity to normal cells than traditional therapy. Although previous studies have demonstrated that RES exerts its anticancer effects against GC cells by promoting apoptosis and inducing cell cycle arrest or suppressing migration and invasion ([@b13-or-44-04-1605]--[@b15-or-44-04-1605]), whether it can sensitize GC cells to DDP and the underlying mechanisms remain to be determined.

The endoplasmic reticulum (ER) is the principle organelle responsible for biogenesis, folding and trafficking of over one-third of the proteins in eukaryotic cells ([@b16-or-44-04-1605]). Extrinsic and intrinsic perturbations disturb ER homeostasis, trigger ER stress and activate the unfolded protein response (UPR), which promotes cell survival, or induce apoptosis if ER stress is severe or chronic ([@b17-or-44-04-1605]). In fact, the UPR promotes cancer cell survival by enhancing cancer cell adaptation to hostile environmental conditions, and regulating the UPR is a promising anticancer strategy ([@b18-or-44-04-1605]). Recent studies have demonstrated that RES promoted ER stress-mediated apoptosis in colon cancer cells ([@b19-or-44-04-1605]), ovarian cancer cells ([@b20-or-44-04-1605]), and malignant melanoma cells ([@b21-or-44-04-1605]). However, the role of RES in ER stress-induced apoptosis in GC cells has not been studied to date.

In the present study, it was revealed that RES synergized with DDP in antineoplastic effects against the human GC cell line AGS by inducing ER stress-mediated apoptosis and G2/M cell cycle arrest. Mechanistic experiments revealed that RES/DDP combination treatment activated the PRKR-like ER kinase (PERK)/eukaryotic translation initiation factor 2α (eIF2α)/activating transcription factor 4 (ATF4)-CCAAT/enhancer binding protein homologous protein (CHOP) signaling pathway and upregulated cleaved caspase-12. Furthermore, RES/DDP combination treatment arrested AGS cells in G2/M phase by inactivating the cyclin-dependent kinase 1 (CDK1)-cyclin B1 complex and upregulating p21^Waf1/Cip1^ and p27^Kip^ protein levels. The present results provided evidence that may lead to the future application of RES as an adjuvant for GC chemotherapy.

Materials and methods
=====================

### Cell culture

The human GC cell lines AGS, KATO III, MKN-45 and NCI-N87 were obtained from the Type Culture Collection of the Chinese Academy of Sciences. The AGS cells were cultured in Hams F-12K (Kaighns) medium (Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin and 100 µg/ml streptomycin (Gibco; Thermo Fisher Scientific, Inc.) at 37°C in a humidified incubator containing 5% CO~2~. The KATO III cell line was cultured in Iscoves Modified Dulbeccos Medium (IMDM; Gibco; Thermo Fisher Scientific, Inc.), and the MKN-45 and NCI-N87 cell lines were cultured in RPMI-1640 medium (Gibco; Thermo Fisher Scientific, Inc.) as described above.

### Cell Counting Kit-8 (CCK-8) assay

Cell viability was detected by a CCK-8 assay (Dojindo Molecular Technologies, Inc.). Approximately 5×10^3^ cells/well were seeded into 96-well plates and incubated overnight at 37°C. Next, various doses of RES (0, 5, 10, 20, 30, 40, 50, 60, 70, and 80 µM) and/or DDP (0, 0.5, 1, and 2 µg/ml) (both from Selleck Chemicals) were added. After culturing for another 24, 48, 72 or 96 h, each well was incubated with 10 µl CCK-8 solution for 1--3 h before measuring the absorbance at 450 nm using a microplate reader (Bio-Rad Laboratories, Inc.).

### Evaluation of the combination effect of RES and DDP

The combination index (CI) was applied to evaluate the combination effect of RES and DDP in AGS cells according to the Chou-Talalay method ([@b22-or-44-04-1605]). CI was calculated by CompuSyn software (ComboSyn, Inc.), and the combination effect was defined as follows: CI \<1, synergistic effect; CI \>1, antagonistic effect; and CI=1, additive effect.

### Morphological observation

AGS cells were seeded in 6-well plates (1×10^5^ cells/well), incubated at 37°C overnight, and exposed to RES (20 µM) and DDP (1 µg/ml) alone or in combination for 48 h. Cell morphology was observed using an inverted light microscope (magnification, ×100; Olympus Corporation).

### Colony-forming assay

AGS cells were treated with RES (20 µM) and DDP (1 µg/ml) alone or in combination for 48 h. Thereafter, the cells were trypsinized by 0.25% trypsin (Gibco; Thermo Fisher Scientific, Inc.) and dispensed into individual wells of 6-well plates at a density of 1×10^3^ cells/well. Following another 14 days of drug-free culture and changing of the medium every other day, the cells were fixed with 4% paraformaldehyde at 25°C for 15 min and stained with 0.1% crystal violet at 25°C for another 15 min. Finally, colonies (≥10 cells) were counted using an inverted light microscope (magnification, ×100; Olympus Corporation).

### Cell apoptosis assay

Apoptotic cells were detected by an FITC-Annexin V Apoptosis Detection Kit (BD Biosciences) according to the manufacturers instructions. The cells (1×10^5^/well) were seeded in 6-well plates and incubated overnight at 37°C. Then, the cells were treated with RES (0, 20, and 40 µM) for 72 h or exposed to RES (20 µM) and DDP (1 µg/ml) alone or in combination for 48 and 72 h. Subsequently, the cells were harvested with EDTA-free trypsin and resuspended in 500 µl of 1X binding buffer followed by incubation with FITC-Annexin V (5 µl) and PI (5 µl) at 25°C in the dark for 15 min. Finally, the apoptotic cells were analyzed by a BD FACSCanto II flow cytometer (BD Biosciences) and FlowJo software (version 10.4; BD Biosciences).

### Cell cycle assay

The cell cycle assays were performed according to the manufacturers instructions using a cell cycle staining kit \[MultiSciences (Lianke) Biotech Co., Ltd.\] as previously described ([@b23-or-44-04-1605]). After administration of RES (20 µM) and DDP (1 µg/ml) alone or in combination, the cells were harvested and fixed with 75% ethanol at −20°C overnight. Thereafter, the cells were hydrated with cold phosphate-buffered saline (PBS) for 15 min and incubated with DNA staining solution at 25°C for 30 min in the dark before evaluation by a BD FACSCanto II flow cytometer and ModFit LT software (version 5.0.9; Verity Software House Co., Ltd.).

### Detection of intracellular free calcium ions (Ca^2+^)

The intracellular free Ca^2+^ concentration was determined by the calcium probe Fluo-4 AM (Beyotime Institute of Biotechnology) according to the manufacturers instructions. After exposure to RES (20 µM) and DDP (1 µg/ml) alone or in combination for 48 h, the cells were collected, washed twice with PBS and incubated with 2 µM Fluo-4 AM probe for 30 min at 37°C. Subsequently, the cells were washed with PBS, and cell fluorescence was determined using a BD FACSCanto II flow cytometer (excitation wavelength, 488 nm; emission wavelength, 525 nm).

### Western blot analysis

Following treatment with RES (10, 20, and 40 µM) and DDP (1 µg/ml) alone or combination treatment of RES (20 µM) and DDP (1 µg/ml) for 48 h, total protein from AGS cells was extracted using cell lysis buffer (Cell Signaling Technology, Inc.) according to the manufacturers instructions. Western blot analysis was performed as previously described ([@b24-or-44-04-1605]). Briefly, 20 µg of protein was loaded onto each lane and then transferred to polyvinylidene difluoride (PVDF) membranes. The membranes were incubated with primary antibodies overnight at 4°C, followed by goat anti-rabbit secondary antibody (1:5,000, cat. no. HA1001; HuaBio Co., Ltd.) or goat anti-mouse secondary antibody (1:10,000, cat. no. BL001A, BioSharp Co., Ltd.) for 1 h at 25°C. The primary antibodies used were rabbit antibodies against CHOP (also named DDIT3; 1:1,000; product code ab179823; Abcam), poly-ADP-ribose polymerase (PARP; 1:1,000; cat. no. 9532; Cell Signaling Technology, Inc.), Bax (1:1,000, cat. no. 2774; Cell Signaling Technology, Inc.), Bcl-2 (1:1,000, cat. no. 2872, Cell Signaling Technology, Inc.), glucose-regulated protein 78 (GRP78; 1:1,000; product code ab108615; Abcam), PERK (1:1,000; cat. no. 5683; Cell Signaling Technology, Inc.), eIF2α (1:1,000; cat. no. 5324; Cell Signaling Technology, Inc.), p-eIF2α (1:1,000; cat. no. 3398; Cell Signaling Technology, Inc.), caspase-12 (1:1,000; product code ab62484; Abcam), cyclin B1 (1:1,000; cat. no. 4138; Cell Signaling Technology, Inc.), p-CDK1 (Tyr15; 1:1,000; cat. no. 4539; Cell Signaling Technology, Inc.), Cdc25C (1:1,000; cat. no. 4688; Cell Signaling Technology, Inc.), p21^Waf1/Cip1^ (1:1,000; cat. no. 2947; Cell Signaling Technology, Inc.), p27^Kip1^ (1:1,000; cat. no. 3686; Cell Signaling Technology, Inc.) and GAPDH (1:5,000; cat. no. 2118; Cell Signaling Technology, Inc.), and mouse monoclonal antibody against CDK1 (1:1,000; cat. no. 9116; Cell Signaling Technology, Inc.). The protein bands were quantified using ImageJ software (version 1.52a; National Institutes of Health). The phosphorylated protein bands were normalized to their total protein levels, and the other bands were normalized to GAPDH.

### Statistical analysis

The results are presented as the mean ± standard deviation (SD). All statistical analyses were performed by Prism 7.0 (GraphPad Software, Inc.) using one-way ANOVA followed by Tukeys multiple comparisons test. Differences were considered to be statistically significant at P\<0.05. All experiments were performed in triplicate.

Results
=======

### RES inhibits viability and promotes apoptosis of AGS cells

First, cell viability assays in 4 GC cell lines (AGS, KATO III, MKN-45 and NCI-N87) were performed and cell apoptosis was detected in 3 GC cell lines (AGS, KATO III and MKN-45) following RES/DDP cotreatment ([Figs. S1](#SD1-or-44-04-1605){ref-type="supplementary-material"}, [2B](#f2-or-44-04-1605){ref-type="fig"} and [3A-C](#f3-or-44-04-1605){ref-type="fig"}). It was determined that the most significant results were obtained in AGS cells. Therefore, the human gastric adenocarcinoma cell line AGS was selected for the present study. After exposure to RES, the cell viability of AGS was explored by CCK-8 assay. The RES concentration gradient ranged from 5 to 80 µM. Our results demonstrated that RES displayed a dose-and time-dependent inhibitory effect on AGS cellular viability (P\<0.001; [Fig. 1A](#f1-or-44-04-1605){ref-type="fig"}). Flow cytometric analysis indicated that RES treatment (10, 20 and 40 µM) consistently upregulated AGS cell apoptosis in a dose-dependent manner, with the percentage of cells undergoing apoptosis increasing from 4.06 to 41.07% with increasing RES concentration (P\<0.001; [Fig. 1B and C](#f1-or-44-04-1605){ref-type="fig"}). Furthermore, the protein expression of CHOP, an early protein in ER stress, was detected after administration of RES and DDP alone or in combination for 24, 36, and 48 h. The most notable results were obtained for the 48-h time-point (data not shown). Thus, this time-point was selected for subsequent experiments. Western blot analysis revealed that RES administration (10, 20 and 40 µM) significantly increased the protein levels of CHOP and cleaved PARP in a dose-dependent manner (P\<0.05; [Fig. 1D and E](#f1-or-44-04-1605){ref-type="fig"}). Collectively, the present results indicated that RES exerts anticancer activity against AGS cells by inhibiting cell viability and promoting cell apoptosis.

### RES and DDP synergistically inhibit AGS cell viability

To investigate the growth-inhibitory effect of RES/DDP cotreatment on AGS cells, the cells were exposed to different doses of RES (0, 5, 10, 20 and 40 µM) and DDP (0, 0.5, 1 and 2 µg/ml) alone or in combination for 48 h. The combination treatment of RES (20 µM) and DDP (1 µg/ml) significantly suppressed viability of AGS cells compared to the viability observed under either RES treatment or DDP treatment alone (P\<0.01; [Fig. 2A](#f2-or-44-04-1605){ref-type="fig"}). Therefore, 20 µM and 1 µg/ml were selected as the concentrations for RES and DDP, respectively, for the subsequent experiments. Next, cell viability was determined following administration of RES (20 µM) and DDP (1 µg/ml) either individually or in combination for 24, 48, 72 and 96 h. Although exposure to RES (20 µM) or DDP (1 µg/ml) for 24 h did not significantly inhibit cell viability, it was determined that RES and DDP cotreatment for 48, 72 and 96 h significantly inhibited AGS cell viability compared with that of either single-agent treatment (P\<0.05; [Fig. 2B](#f2-or-44-04-1605){ref-type="fig"}). As shown in [Fig. 2C](#f2-or-44-04-1605){ref-type="fig"}, RES and DDP cotreatment notably decreased the number of cells compared to the number observed under either single-agent treatment alone. Besides, cell shrinkage, detachment and reduced cytoplasm were evident in the cells under RES/DDP combination treatment ([Fig. 2C](#f2-or-44-04-1605){ref-type="fig"}). In addition, the IC~50~ value against AGS cells decreased from 4.779 µg/ml under DDP-only treatment to 3.154 µg/ml under combination DDP/RES (20 µM) treatment (data not shown). Furthermore, the analysis of CI values by CompuSyn software at ED~50~, ED~75~ and ED~90~ ([Table I](#tI-or-44-04-1605){ref-type="table"}) indicated that RES and DDP have synergistic inhibitory effects on AGS cell viability ([@b22-or-44-04-1605]). The results of colony-forming assays indicated that the combination treatment significantly suppressed AGS cell viability over that attained by RES or DDP treatment alone (P\<0.001; [Fig. 2D and E](#f2-or-44-04-1605){ref-type="fig"}). Collectively, the present results demonstrated that RES and DDP synergistically inhibit AGS cell viability.

### RES sensitizes AGS cells to DDP by inducing cell apoptosis

FITC-Annexin V/PI double-staining assays were conducted to assess apoptotic cells after cotreatment with RES (20 µM) and DDP (1 µg/ml) for 48 and 72 h ([Fig. 3A](#f3-or-44-04-1605){ref-type="fig"}). The present results demonstrated that RES/DDP combination treatment for 48 h induced a higher apoptotic rate compared with that of DDP treatment alone (P\<0.01; [Fig. 3B](#f3-or-44-04-1605){ref-type="fig"}). In particular, when the cotreatment time was extended to 72 h, the apoptotic rate was increased and was significantly higher than that under either RES or DDP administration alone (P\<0.01; [Fig. 3C](#f3-or-44-04-1605){ref-type="fig"}). To investigate the molecular mechanisms underlying the proapoptotic effects of the RES/DDP combination treatment, apoptosis-related proteins were analyzed by western blotting. The results revealed that RES/DDP cotreatment upregulated the levels of the proapoptotic protein Bax and the cleaved form of PARP compared with the levels under DDP treatment alone, whereas expression of the antiapoptotic protein Bcl-2 was downregulated under cotreatment relative to DDP-only treatment (P\<0.05; [Fig. 3D and E](#f3-or-44-04-1605){ref-type="fig"}). Collectively, the results indicated that RES enhanced the antitumor effect of DDP on cell apoptosis.

### RES/DDP combination treatment activates ER stress-mediated apoptotic signaling pathways

To better understand the molecular mechanisms underlying the proapoptotic effects of the RES/DDP combination, western blotting was performed. The expression of the ER stress chaperone GRP78 was significantly upregulated under RES/DDP combination treatment compared to the expression under either single-agent treatment alone (P\<0.001; [Fig. 4A and B](#f4-or-44-04-1605){ref-type="fig"}). Moreover, cotreatment with RES and DDP significantly increased PERK, p-eIF2α and CHOP protein levels but had no significant effect on the expression of eIF2α, indicating that the PERK/eIF2α/ATF4/CHOP signaling pathway was activated by cotreatment (P\<0.05; [Fig. 4A-C](#f4-or-44-04-1605){ref-type="fig"}). In addition, cleaved caspase-12 was upregulated upon RES and DDP combination treatment compared with its expression under DDP treatment alone (P\<0.05; [Fig. 4A and B](#f4-or-44-04-1605){ref-type="fig"}). The enhancement of intracellular Ca^2+^ levels induces ER stress and apoptosis ([@b25-or-44-04-1605]). Herein, Ca^2+^ probes and flow cytometry were applied to evaluate intracellular Ca^2+^ levels. It was revealed that exposure to RES (20 µM) alone for 48 h caused an increase in Ca^2+^ levels compared with levels in untreated cells (P\<0.05; [Fig. 4D and E](#f4-or-44-04-1605){ref-type="fig"}). However, the RES/DDP combination treatment significantly enhanced the cytosolic Ca^2+^ levels and exhibited the greatest increase compared with the levels under either single-agent treatment alone (P\<0.001; [Fig. 4D and E](#f4-or-44-04-1605){ref-type="fig"}). These results demonstrated that RES/DDP cotreatment activated ER stress-mediated apoptotic signaling pathways in AGS cells.

### RES sensitizes AGS cells to DDP by inducing G2/M phase arrest

To identify the effect of RES/DDP combination treatment on cell cycle progression, PI staining assays and flow cytometry were performed. As revealed in [Fig. 5A-C](#f5-or-44-04-1605){ref-type="fig"}, RES/DDP cotreatment significantly increased the number of cells in the G2/M phase compared to the number observed under either single-agent treatment alone (P\<0.001). Moreover, the expression levels of cell cycle progression regulators were detected by western blotting. The present results indicated that upon RES/DDP combination treatment, the phosphorylation level of CDK1 (Tyr15) and the protein levels of p21^Waf1/Cip1^ and p27^Kip1^ were significantly increased, whereas Cdc25C protein levels were downregulated (P\<0.05; [Fig. 5D-F](#f5-or-44-04-1605){ref-type="fig"}). In addition, it was determined that DDP administration significantly upregulated cyclin B1 protein expression, while combination treatment of DDP and RES significantly decreased the protein level of cyclin B1 (P\<0.001; [Fig. 5D and E](#f5-or-44-04-1605){ref-type="fig"}). These results demonstrated that RES sensitizes AGS cells to DDP by inducing G2/M phase arrest and by inactivating the CDK1-cyclin B1 complex and upregulating p21^Waf1/Cip1^ and p27^Kip1^ expression.

Discussion
==========

Severe side effects and resistance to chemotherapy have been pressing issues hampering the success of GC treatment ([@b26-or-44-04-1605]). Hence, new effective chemotherapeutic strategies are urgently required. RES has been revealed to act as an antineoplastic drug in numerous types of cancers, including GC ([@b12-or-44-04-1605]--[@b15-or-44-04-1605],[@b27-or-44-04-1605]). However, whether RES and DDP have synergistic effects against GC, and if so, what mechanisms underlie these effects are unknown. In the present study, evidence was provided that RES and DDP synergistically inhibited cell viability, prompted cell apoptosis and induced G2/M cell cycle arrest in gastric adenocarcinoma AGS cells. Furthermore, ER stress-induced apoptosis signaling pathways were significantly activated and the CDK1-cyclin B1 complex was inactivated under RES/DDP combined treatment.

The combination of naturally occurring agents with conventional chemotherapeutic drugs has been applied in the treatment of various types of cancers and can improve therapeutic efficiency and reduce dosages to alleviate toxicity ([@b28-or-44-04-1605]). Despite recent advances in molecular targeted therapy and immunotherapy, DDP remains an important component of chemotherapeutic regimens for GC ([@b5-or-44-04-1605],[@b26-or-44-04-1605]). However, its systemic toxicity and drug resistance impede its use. RES, a natural polyphenol compound found in plants, is considered to have potent anticancer activity against various types of cancers ([@b12-or-44-04-1605]--[@b15-or-44-04-1605],[@b27-or-44-04-1605]). Moreover, RES has been reported to act as a chemical sensitizer and to enhance the anticancer effect of DDP in prostate cancer ([@b29-or-44-04-1605]), lung cancer ([@b30-or-44-04-1605],[@b31-or-44-04-1605]) and hepatoma ([@b32-or-44-04-1605]). Herein, it was revealed that RES exerted antineoplastic effects against the GC cell line AGS by suppressing cell viability and promoting cell apoptosis in a dose-dependent manner. Furthermore, the present results demonstrated that RES and DDP synergistically inhibited cell viability and promoted apoptosis of AGS cells, revealing RES as a promising effective chemical sensitizer for DDP treatment in GC patients.

Adverse conditions in the tumor microenvironment, such as nutrient deprivation, oxidative stress, energy perturbations and hypoxia, dysregulate proteostasis of the ER, resulting in a cellular state termed 'ER stress' ([@b33-or-44-04-1605]). ER stress triggers the UPR, which subsequently induces prosurvival programs to maintain homeostasis or activates apoptosis when damage is irreversible ([@b34-or-44-04-1605]). The UPR is vital for cancer cell survival in adverse environments and induces drug resistance to conventional chemotherapy. Furthermore, blocking the adaptive pathway or promoting the apoptotic pathway of the UPR is a potential antineoplastic strategy since ER stress acts as a 'double-edged sword' during carcinogenesis ([@b18-or-44-04-1605]). Previous studies have reported that RES promotes ER stress-mediated apoptosis in colon cancer ([@b19-or-44-04-1605]), ovarian cancer ([@b20-or-44-04-1605]), and malignant melanoma ([@b21-or-44-04-1605],[@b35-or-44-04-1605]). However, the role of RES in regulating the UPR in GC cells is unknown. In the present study, it was revealed that RES/DDP combination treatment significantly upregulated the expression of the ER stress hallmark GRP78 and significantly increased cytoplasmic Ca^2+^ levels in AGS cells, indicating the occurrence of ER stress under cotreatment.

The PERK/eIF2α/ATF4/CHOP signaling pathway is an important modulator of ER stress-mediated apoptosis ([@b16-or-44-04-1605]). As a UPR signal transducer on the ER membrane, upon activation, PERK phosphorylates eIF2α at Ser51 to decrease global protein translation but increase ATF4 mRNA expression, thereby upregulating CHOP expression ([@b36-or-44-04-1605]). CHOP is an ER stress-associated apoptosis marker that further upregulates the expression of proapoptotic proteins such as death receptor 5 (DR5) and Bim and inhibits the expression of the antiapoptotic protein Bcl-2 ([@b16-or-44-04-1605]). Caspase-12 is an ER membrane-resident caspase that is upregulated only upon ER stress, and its activation leads to cleavage of caspase-9 and caspase-3, resulting in apoptosis ([@b37-or-44-04-1605]). Recently, it was reported that RES promotes ER stress-mediated apoptosis in numerous types of cancer cells, such as colon cancer ([@b19-or-44-04-1605]), ovarian cancer ([@b20-or-44-04-1605]), lung cancer ([@b38-or-44-04-1605]), malignant melanoma ([@b21-or-44-04-1605]) and nasopharyngeal carcinoma ([@b39-or-44-04-1605]). The mechanisms included upregulation of CHOP and activation of PERK and caspase-12. Herein, it was revealed that RES administration upregulated CHOP expression in a dose-dependent manner. Moreover, RES combined with DDP treatment significantly activated the PERK/eIF2α/ATF4/CHOP signaling pathway and induced caspase-12 cleavage in AGS gastric adenocarcinoma cells. Therefore, it is suggested that RES/DDP combination treatment promotes ER stress-mediated apoptosis in the GC cell line AGS by activating the PERK/eIF2α/ATF4/CHOP signaling pathway and caspase-12.

Dysregulation of cell cycle progression is a hallmark of tumor development, and targeting the cell cycle is an effective antineoplastic strategy ([@b40-or-44-04-1605]). Unlike previous studies that revealed that RES blocked GC cells at the G0/G1 phase ([@b41-or-44-04-1605]), the present results revealed that RES/DDP combination treatment significantly induced G2/M cell cycle arrest. Moreover, Suttie *et al* ([@b42-or-44-04-1605]) demonstrated that a low dose (0.156 µg/ml, LD~10~) of DDP arrested AGS cells in G0/G1 phase, whereas a high dose (5 µg/ml, LD~50~) of DDP induced G2/M phase arrest. In the present study, it was similarly revealed that exposure to low dose of DDP (0.5 µg/ml) for 72 h induced G0/G1 phase arrest in AGS cells (data not shown). However, DDP treatment (1 µg/ml) for 48 or 72 h led to G2/M cell cycle arrest. Based on the previous literature and our experimental results, we speculate that differences in cell cycle phase arrest in AGS cells are associated with differences in the dose of DDP. In addition, the proteins regulating cell cycle progression at the G2/M checkpoint were detected by western blotting. The CDK1-cyclin B1 complex plays a critical role in the G2/M transition ([@b43-or-44-04-1605]). The downregulation or inactivation of either CDK1 (also known as Cdc2) or cyclin B1 blocks cell cycle progression to the G2 phase. Furthermore, the activity of CDK1 is regulated by Cdc25C, a phosphatase, which dephosphorylates CDK1 at Thr14 and Tyr15 residues, leading to the activation of the CDK1-cyclin B1 complex ([@b44-or-44-04-1605]). p21^Waf1/Cip1^ and p27^Kip1^ are cyclin-dependent kinase inhibitors (CKIs) that reduce the activity of CDK1 ([@b45-or-44-04-1605]), and both are thought to be tumor suppressive. In the present study, it was determined that RES/DDP combination treatment upregulated the protein levels of p-CDK1 (Tyr15), p21^Waf1/Cip1^ and p27^Kip^, downregulated Cdc25C expression, and reduced cyclin B1 protein expression (which was increased by DDP administration alone), leading to G2/M phase arrest.

There are certain limitations to the present study worth mentioning. The primary limitation is that the target protein and molecular mechanisms are currently not fully defined and further research is required. In this study, we only presented the possible molecular mechanisms underlying the antineoplastic effects for RES/DDP cotreatment by activating ER stress-mediated apoptosis and suppressing the activity of CDK1-cyclin B1 complex. Further exploration of the specific mechanisms would be addressed in a future study. In addition, we may also perform rescue experiments to validate the specificity of the signaling pathways. Since increase of Ca^2+^ during ER stress has been revealed to be mainly associated with inositol trisphosphate receptors (IP3R) ([@b46-or-44-04-1605]), future experiments such as blocking or downregulating IP3R are required to clarify the relationship between RES/DDP combination treatment and Ca^2+^ levels.

In conclusion, it was revealed that RES and DDP synergistically inhibited cell growth of the GC cell line AGS by inducing ER stress-mediated apoptosis and G2/M phase arrest. Further experiments revealed that the PERK/eIF2α/ATF4/CHOP signaling pathway and caspase-12 were activated by RES/DDP cotreatment. Additionally, RES/DDP combination treatment suppressed the activity of the CDK1-cyclin B1 complex and upregulated p21^Waf1/Cip1^ and p27^Kip1^ expression to arrest AGS cells in G2/M phase. These findings identify RES as a promising adjuvant for GC chemotherapy.
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![RES inhibits viability and promotes apoptosis of AGS cells. (A) Cell viability was detected by CCK-8 assay after RES treatment (5--80 µM) for 24, 48 and 72 h. (B) Following exposure to RES (10, 20 and 40 µM) for 48 h, FITC-Annexin V/PI assays and flow cytometry were performed to detect cell apoptosis. (C) The percentage of apoptotic cells (Annexin V-FITC^+^/PI^+^ quadrant and Annexin V-FITC^+^/PI^−^ quadrant) was determined. (D and E) The protein expression levels of CHOP and PARP were detected by western blotting upon RES administration for 48 h. Data are presented as the mean ± SD (n=3). \*P\<0.05, \*\*P\<0.01 and \*\*\*P\<0.001. RES, resveratrol; DDP, cisplatin; CCK-8, Cell Counting Kit-8; PARP, poly-ADP-ribose polymerase; CHOP, CCAAT/enhancer binding protein homologous protein.](OR-44-04-1605-g00){#f1-or-44-04-1605}

![RES and DDP synergistically inhibit AGS cell viability. (A) Cell viability was determined by CCK-8 assay after cotreatment with different doses of RES and DDP for 48 h. (B) Following RES (20 µM) and DDP (1 µg/ml) combination treatment for 24, 48, 72 and 96 h, cell viability was detected by CCK-8 assay. (C) The morphological changes in AGS cells were determined after RES (20 µM) and DDP (1 µg/ml) cotreatment for 48 h (magnification, ×100). (D) Following RES (20 µM)/DDP (1 µg/ml) combination treatment for 48 h, colony-forming assays were performed. (E) Colonies in each well were counted. The results are presented as the mean ± SD (n=3). \*P\<0.05, \*\*P\<0.01 and \*\*\*P\<0.001. RES, resveratrol; DDP, cisplatin; CCK-8, Cell Counting Kit-8; CTRL, control; COM, combination treatment.](OR-44-04-1605-g01){#f2-or-44-04-1605}

![RES sensitizes AGS cells to DDP by inducing cell apoptosis. (A) Cell apoptosis was detected after RES (20 µM) and DDP (1 µg/ml) cotreatment for 48 and 72 h through FITC-Annexin V/PI assays and flow cytometry. (B and C) Histograms revealing the percentage of apoptotic cells. (D and E) The expression levels of Bax, Bcl-2 and PARP were detected by western blotting. The results are presented as the mean ± SD (n=3). \*P\<0.05, \*\*P\<0.01 and \*\*\*P\<0.001. RES, resveratrol; DDP, cisplatin; PARP, poly-ADP-ribose polymerase; CTRL, control; COM, combination treatment.](OR-44-04-1605-g02){#f3-or-44-04-1605}

![RES/DDP combination treatment activates endoplasmic reticulum stress-mediated apoptotic signaling pathways. (A-C) The protein expression levels of GRP78, PERK, p-eIF2α, eIF2α, CHOP and caspase-12 were determined by western blotting. (D) Fluo-4 AM probe and flow cytometry were used to detect intracellular Ca^2+^ concentrations after RES (20 µM) and DDP (1 µg/ml) cotreatment for 48 h. (E) The median Fluo-4 fluorescence intensities are presented. The data are presented as the mean ± SD (n=3). \*P\<0.05, \*\*P\<0.01 and \*\*\*P\<0.001. RES, resveratrol; DDP, cisplatin; GRP78, glucose-regulated protein 78; PERK, PRKR-like ER kinase; p-eIF2α, phosphorylated eukaryotic translation initiation factor 2α; CHOP, CCAAT/enhancer binding protein homologous protein; CTRL, control; COM, combination treatment.](OR-44-04-1605-g03){#f4-or-44-04-1605}

![RES sensitizes AGS cells to DDP by inducing G2/M cell cycle arrest. (A) PI staining and flow cytometry were performed to determine cell cycle progression after RES (20 µM) and DDP (1 µg/ml) cotreatment for 48 and 72 h. (B and C) The percentage of cells in the G2/M phase was examined. (D-F) After RES (20 µM) and DDP (1 µg/ml) combination treatment for 48 h, the protein levels of cyclin B1, p-CDK1 (Tyr15), CDK1, Cdc25C, p21^Waf1/Cip1^ and p27^Kip1^ were detected by western blotting. All data are presented as the mean ± SD (n=3). \*P\<0.05, \*\*P\<0.01 and \*\*\*P\<0.001. RES, resveratrol; DDP, cisplatin; p-CDK1, phosphorylated cyclin-dependent kinase 1; CTRL, control; COM, combination treatment.](OR-44-04-1605-g04){#f5-or-44-04-1605}

###### 

Combination index values of RES and DDP combination treatment at ED~50~, ED~75~ and ED~90~.

  RES (µM)/DDP (µg/ml)   ED~50~   ED~75~   ED~90~
  ---------------------- -------- -------- --------
  25:1                   0.931    0.867    0.910
  12.5:1                 0.911    0.853    0.862

RES, resveratrol; DDP, cisplatin; ED, effective dose.

[^1]: Contributed equally
